Objectives-To compare bone healing of tibial osteotomy repaired with Nitinol wire braid and hardened steel rods (Braid system) and polymethylmethacrylate bone cement with an interlocking intramedullary (IM) nail fixation in an ovine model. Study Design-In vitro and in vivo experimental study. Animals-Adult female sheep (n ¼ 22). Methods-Using sheep tibia, a middiaphyseal transverse osteotomy was performed in the right tibia, which were then randomly assigned to the Braid system group or IM nail group (n ¼ 5). The left tibia were used as controls. The torsional properties of tibial constructs were compared. The study was repeated in vivo in 12 sheep and mechanical properties and bone healing were evaluated at 12 weeks. Results-In vitro, there was no significant difference in torsional stiffness between the groups. In vivo, operative time for the Braid system group was significantly shorter than the IM nail group. At 12 weeks, there were no significant differences in maximum torque and torsional stiffness between IM nail and Braid system groups nor were there significant radiographic or histologic differences between the groups. Conclusions-The Braid system might decrease operative time for repair of transverse middiaphyseal tibial fractures and result in similar bone healing at 12 weeks after surgery compared with an interlocking IM nail repair. Clinical Relevance-A Nitinol Braid system may be a treatment option for transverse midshaft tibial fractures. r
INTRODUCTION

D
EPENDING ON fracture configuration and fragment alignment, tibial shaft fractures can be treated by external fixation with a cast, intramedullary (IM) nail systems, plates and screws, and external skeletal fixators. 1, 2 Repair with an interlocking IM nail involves insertion of a metal rod within the medullary canal to align the bone and further stabilization by placing 1or 2 locking screws at either end of the nail. These screws engage the bone cortices and counteract rotational, axial, and bending forces placed on the bone-implant construct. Typically, using fluoroscopic guidance, an interlocking IM nail procedure takes us $ 90 minutes; however, correction and reinsertion of inadvertently misdirected locking screws may extend surgical time and increase fluoroscopic use.
Attempts to reduce implant failure and technical errors and increase construct stability have been undertaken in veterinary surgery. Bolts used in an IM nail system were designed to strengthen the locking mechanism compared with screws; however, experimental and clinical outcomes with bolts do not demonstrate improved stability of repaired fractures. 3 Use of bolts improved IM nail mechanical behavior compared with screws, but neither locking mechanism completely counteracted torsion and bending forces. 3 We chose to study screws with an IM nail because this is the system most commonly used with IM nail fixation.
To simplify the interlocking IM nail procedure and to avoid inserting locking screws by using fluoroscopy, a new construct composed of a Nitinol braid and hardened stainless steel rods (Braid system) was developed to be inserted and expanded in the tibial canal after IM injection of polymethylmethacrylate (PMMA) bone cement. The Braid system was designed to use braided steel rods combined with hardened PMMA bone cement fixed in the tibial canal to counteract rotation, axial, and bending forces.
Bone cement consisting of PMMA powder and methylmethacrylate liquid is used clinically for fixation of implants such as artificial hip and knee joints. Ross and Matthiesen 4 reported use of multiple pins and PMMA external skeletal fixation for the treatment of fractures in the dog and cat. Subsequently, studies have determined the effects of heat conduction/dissipation of PMMA during polymerization when it was used as a connecting bar in an external fixator. 5, 6 Although PMMA bone cement has not been reported to be used with IM constructs to treat tibial fractures, we hypothesized that PMMA bone cement would adhere and fix the Braid system rigidly in the canal of the tibia.
Thus, our purpose was to evaluate bone healing of tibial fractures in an ovine model treated with a Braid system or with interlocking IM nail fixation. We hypothesized that the Braid system technique would shorten surgical times and result in similar bone healing to interlocked IM stabilization of tibial fractures.
MATERIALS AND METHODS
In Vitro Study
Mature female sheep (n ¼ 10), weighing 70-76 kg (mean AE SD, 72.5 AE 2.8 kg,), with tibial length ranging from 24 to 27 cm, were euthanatized for collection of tibiae. Skin, muscle, and fascia were removed from tibial specimens. The right tibia was randomly assigned to the Braid system (OsteoLign Inc., Duluth, GA) group or the IM nail group (n ¼ 5/group) and the left tibia served as an intact bone control.
Braid System Group. The cranial aspect of the medial tibial plateau was exposed and an 11-mm-diameter drill bit was used to access the tibial medullary canal. The canal was lavaged with lactated Ringer's solution using a pulsatile lavage system (Stryker Corp., Kalamazoo, MI) and further cleaned of marrow fat using a long-handled bristle brush. The canal was not reamed. A middiaphyseal transverse osteotomy was made with an oscillating saw. The Braid system was inserted into the medullary canal using an insertion tube, which was then pulled back through the medial tibial plateau while holding the Braid construct in place. As the Braid emerged from the insertion tube, it expanded to the perimeter of the canal (Fig 1) . Approximately 3 cm proximal to the distal end of the tibia, a 5.0 mm hole was drilled medially into the medullary canal for injection of PMMA cement. After suctioning the medullary canal of all blood and remaining debris, PMMA cement (Zimmer Osteobond 40/20 kits; Zimmer Osteobond, Warsaw, IN) was injected in a low-viscosity state with a cement gun through this access hole filling the entire tibial canal in a normograde fashion until PMMA appeared at the proximal tibial insertion site. After the PMMA hardened, the osteotomy gap was checked to ascertain whether PMMA had leaked into the osteotomy gap. If PMMA was detected in the osteotomy gap, a dental tool was used to remove the PMMA from the gap.
IM Nail Group. The surgical procedure was identical to the Braid system group except that the IM nail (diameter, 8 mm; length, 18.5 cm; Innovative Animal Products, Rochester, MN) was inserted in the tibial canal. Two interlocking screws (diameter, 3.5 mm; Synthes Vet., West Chester, PA) at each end were inserted using a guide device after the tibial osteotomy was reduced.
Mechanical Testing. After tibial stabilization, constructs and intact tibiae were kept moist with physiologic saline (0.9% NaCl) solution-soaked towels and biomechanically tested within 6 hours of fixation. The central 10 cm span of the tibiae (5 cm proximal and distal to the osteotomy site) was measured and marked. From the proximal and distal limits of the 10 cm central diaphysis, 6 cm were measured toward the proximal and distal epiphysis. Any bone exceeding these limits was trimmed, yielding a specimen length of 22 cm. Two 4.8 mm holes were drilled at the tibial proximal and distal ends and then the tibiae were potted in polyester/styrene (Evercoat, Cincinnati, OH) with an alignment jig for testing as described previously. 7 On each test day, the mechanical testing machine was calibrated for torque and rotation before the first bone was tested and after the last bone was tested using 3 certified 5 lb test weights and a goniometer. Machine functionality was verified using potted wooden rods of equivalent length. A 250-Nmload cell was used and mechanical testing was performed on a servohydraulic materials testing system (Model 858; MTS Systems Corporation, Eden Prairie, MN; Fig 2) . Tibiae were tested to failure (fracture) in torsion in external rotation at 1.51/s to a maximum of 451 or until failure using displacement control. Stiffness was calculated as the initial slope of the linear portion of each curve. Maximum torque was also obtained from the data for each tibia. To control for individual variance in bone mechanical properties, stiffness and maximum torque were normalized to the contralateral intact tibia and results were expressed as a percent of contralateral control. Torsional angle and energy at failure were also calculated for the Braid system and IM nail groups. Radiographs were taken before and after mechanical testing to determine tibial failure mode. The braid consists of hardened stainless steel rods sutured to a Nitinol braid, which forces the rods to be in apposition to the canal wall. (B) The braid was preloaded into a clear insertion sleeve of 9.5 mm outer diameter. An inserter was used like a plunger to deploy the braid from the sleeve into the tibial canal. (C) After the tibial osteotomy was reduced, the braid was inserted into the medullary canal using an insertion sleeve and then the sleeve was removed while holding the cage in place. (D) polymethylmethacrylate (PMMA) cement was injected with a cement gun through an access hole filling the entire tibial canal; PMMA cement sometimes leaked from the osteotomy gap. (E) A dental tool was used to remove the PMMA from the gap.
Mature female sheep (n ¼ 12), weighing 68-78 kg (mean AE SD 73.6 AE 5.6 kg), with tibial length ranging from 24 to 27 cm were studied. The right tibia of each sheep was randomly assigned to the Braid system group or IM nail group (n ¼ 6/group) and the left tibia of each sheep served as a nontreatment control.
With the sheep anesthetized, and using aseptic technique, a 3 cm incision was made over the medial aspect of the patellar tendon to expose the cranial portion of the medial tibial plateau. An 11-mm-diameter drill was used to access the medullary canal of the tibia. A 7 cm incision was made over the middiaphysis of the medial tibia and a middiaphyseal transverse osteotomy was created with an oscillating saw.
Braid System Group. Another 2 cm incision was made $ 3 cm proximal to the distal end of the medial aspect of the tibia. A 5.0 mm hole was drilled for later injection of PMMA into the tibial medullary canal. The remaining procedures were identical to the procedure used in the in vitro study. After the PMMA had hardened, the osteotomy gap was checked to ascertain whether PMMA had leaked into the osteotomy gap and, if so, it was removed using a dental tool. All 3 incisions were closed.
IM Nail Group. The surgical procedure was identical to the in vitro study using fluoroscopic guidance. Operative times for both groups were recorded from skin incision to completion of skin closure, excluding time for creation of the osteotomy.
Postoperative Care. No external coaptation was used. After surgery, phenylbutazone (500 mg orally once daily for 3 days) was administered for pain relief and sheep were allowed unrestricted movement in a small pen (3 Â 5 square feet).
Lameness Evaluation
Before surgery and 1, 2, 3, 4, 8, and 12 weeks after surgery, sheep were evaluated clinically for evidence of lameness, which was scored using a visual analog scale (VAS) scoring system 8 that used a 100-mm-long continuous line with vertical bars at either end, labeled ''sound'' (at the left) and ''could not be more lame'' (at the right). Sheep were assessed while trotting in a straight line and turning to left and to the right. The observer then marked the line in the position he/she felt was more representative of the severity of the lameness observed.
Radiography
Radiographs (craniocaudal, mediolateral) of the tibia were taken immediately after surgery to evaluate osteotomy reduction and pin placement and then at 2, 4, 8, and 12 weeks. All postoperative radiographs were graded by 3 independent observers using a scale of 1-4 based on bony union or bridging callus at bone cortices (1 ¼ no evidence of callus; uniono25%; 2 ¼ union 25-50%; 3 ¼ union ! 50-75%; 4 ¼ union ! 75%). 9 
Mechanical Testing
After euthanasia at 12 weeks, both right and left tibiae were harvested and mechanically tested without removing implants within 6 hours as described for the in vitro study. 7 Implants were not removed because we felt that the bone healing that had occurred would be significantly altered during the process of implant removal. Torsional stiffness and maximum torque for each specimen were determined. Once the maximum torque was reached, all tests were terminated at the final torque that was set at 80% of the maximum torque. Angle of torsion and energy at failure were calculated for the Braid system and IM nail groups. Radiography was also performed before and after mechanical testing to determine the failure pattern resulting from mechanical testing for both right and left tibiae. The failure patterns included transverse fracture through the osteotomy, spiral fracture through the osteotomy, spiral fracture outside the osteotomy, and comminuted fracture through or outside of the osteotomy site.
Morphologic Evaluation
After mechanical testing, both right and left tibiae were fixed in 70% ethanol solution. The relevant portions of the tibiae were correctly reduced, oriented, and aligned together if they were broken or comminuted in the mechanical testing and then they were embedded in PMMA. A 5 cm portion of the middiaphysis of the tibia centered over the osteotomy without removal of nail or Braid system was processed for undecalcified histology as described in a previous study. 9 The tibiae were cut coronally (medial to lateral) to encompass the region of interest and ground to 100-mm-thick sections. Ground bone sections were stained with a modified Goldner's trichrome method for light microscopic evaluation. Histologic sections were evaluated by 3 independent observers using a qualitative scale ( Table 1 ) that accounted for evidence of bone union and the relative amounts of bone, cartilage, and fibrous connective tissue at the medial and lateral cortices and periosteal callus surrounding the osteotomy site. 
Data Analysis
One-way analysis of variance (ANOVA) was used to compare operative times and mechanical properties (torsional angle, energy at failure, in vitro and in vivo stiffness, and maximum torque [as % of contralateral control]) between groups. Repeated measures ANOVA was used to compare lameness scores before surgery and 1, 2, 3, 4, 8, and 12 weeks after surgery. When ANOVA revealed significant differences in the data between treatment groups, a Duncan's multiple range test was performed to separate these differences. A paired Student's t-test was used to compare experimental with contralateral intact bone mechanical properties for each group. Comparison of the radiographic and histologic subjective scores among treatment groups at different time intervals was performed by the Kruskal-Wallis test. Fisher's exact test was used to compare osteotomy failure patterns between the 2 groups. Differences were considered significant at a probability level of 95% (Po.05). All statistical analyses were performed with a software program (SAS Version 8e; SAS Institute Inc., Cary, NC).
RESULTS
In Vitro Study
For the in vitro study, maximum torque of the IM nail group was significantly greater than that of the Braid system group (Po.05), whereas there was no significant difference in the torsional stiffness between the 2 groups (Table 2) . For both groups, strength and stiffness were significantly poorer than those of contralateral intact bones. Rotation angle at failure for the IM nail group (39.7 AE 4.41) was significantly greater than for the Braid system group (36.9 AE 2.81; Po.05). There was no significant difference in energy at failure between the IM nail (11.8 AE 4.2 Nm Â radian) and the Braid system (9.0 AE 0.2 Nm Â radian) groups (P4.05).
In Vivo Study
There was a 5-101 rotational slack after fixation with an IM nail in the IM nail group, whereas there was none in the Braid system group. After surgery, all sheep were able to move without complications. No systemic or local abnormalities were observed. After euthanasia, all tibial osteotomy sites were encompassed by callus without noticeable micromotion. Mean AE SD with different superscript letters (A and B) indicates significant difference in the data as percent of contralateral control between the two treatment groups (Po.05). The treatment group with a superscript asterisk indicates a significant difference in both maximum torque and torsional stiffness between control and experimental groups. A superscript NS indicates no significant difference in mechanical properties between control and experimental groups.
To reduce bias, the 2 lengthy IM procedures (152 and 265 minutes) because of misdirected locking screws were excluded from comparison. Mean AE SD operative times for the Braid system group (60.8 AE 9.7 minutes) were significantly shorter than that for the IM nail group (128 AE 10.3 minutes; Po.05).
No significant differences in VAS scores were detected between groups before surgery; however, at 1, 3, and 4 weeks after surgery, VAS scores for the Braid system group were significantly better than those for the IM nail group (Po.05; Fig 3) . At all times, VAS scores for the Braid system sheep were better than that for the interlocking IM nail group.
Using radiographs, there was no evidence of PMMA in the osteotomy gap or misplaced locking screws in any sheep; however, the locking screws were longer than needed. There were no significant differences in bone union between IM nail and Braid system groups at any time (Fig 4) . In the Braid system group, radiographic bone union scores at 4 weeks were significantly higher than that immediately after surgery and at 2 weeks (Fig 5) . In the IM nail group, radiographic bone union scores at 8 weeks were significantly higher than that immediately after surgery and at 2 weeks. Radiographic union scores at 12 weeks after surgery were significantly higher than at 4 weeks (Fig 5) .
There were no significant differences in either maximum torque or stiffness between IM nail and Braid system groups (Table 2) . Rotation angle at failure for the Braid system group (29.0 AE 6.11) had a trend to be greater than for the IM nail group (23.2 AE 7.61; P ¼ .08). Energy at failure for the Braid system group (25.8 AE 7.7 Nm Â radian) was significantly greater than that for the IM nail group (15.5 AE 7.0 Nm Â radian; Po.05). All intact bones failed in a spiral pattern, which was the most commonly seen pattern of failure of normal bones under similar testing conditions. 10 Three of 6 IM nail constructs failed transversely through the osteotomy sites and 3 failed in a spiral pattern; 2 outside the osteotomy and 1 through the osteotomy. Only 1 Braid system construct failed transversely through the osteotomy during torsional testing (1 failed in a comminuted spiral pattern through the osteotomy and 4 failed in a spiral pattern outside of the osteotomy). There were no significant differences in failure mode between groups (P4.05). In the Braid system group, the spiral failure pattern resulted in fractures during mechanical testing that occurred at the interface between the Braid system (Nitinol and PMMA construct) and endocortex of the tibia. There were no significant differences in cortical and periosteal healing scores between IM nail (mean AE SD, 9.3 AE 3.7) and Braid system (8.1 AE 2.7) groups (Fig 6) . PMMA cement was rarely detected in the osteotomy site for Braid system tibiae.
DISCUSSION
The Braid system decreased operative time by 50% compared with the interlocking IM nail technique based on the performance of 2 experienced orthopedic surgeons. PMMA cement was injected into the tibial canal and cohered with the Braid system to achieve similar fracture stability to interlocking screws with IM nail at 12 weeks after surgery. This Braid system technique avoids using the interlocking screw-guiding device and fluoroscopy to insert 4 interlocking screws, which may result in longer operative times because of inadvertent misdirection of the locking screws. Ultimately, the goal for the Braid system is to implant the construct and cement percutaneously, avoiding the proximal tibial periarticular incision.
The Braid system is made of Nitinol (an acronym for Nickel Titanium Naval Ordnance Laboratory), a family of intermetallic materials that contain a nearly equal amount of nickel and titanium. Nitinol exhibits the unique behavior of ''shape memory'' and ''superelasticity.'' Shape memory describes the behavior of restoring the original shape of a plastically deformed sample by heating it. Superelasticity refers to the behavior of the material springing back to its original shape from a highly strained shape when the stress is removed. 11 The Nitinol material used in our device was of the superelastic variety. Superelastic Nitinol has many advantages over stainless steel, including flexibility/kink resistance, elastic springback, constancy of stress, elastic deployment, biomechanical compatibility, dynamic interference, biocompatibility, and magnetic resonance imaging compatibility.
VAS scores of lameness demonstrated that the sheep treated by the Braid system were less lame than those treated by interlocking IM nails at 1 and 4 weeks after surgery. Experimentally, it is well known that it is very difficult with interlocking IM nail systems not to allow a certain range of slack at the tibial fracture site. 12, 13 Lansdowne et al 3 reported that there was always a certain amount of torsion (181) and bending slack (121) when the IM nail was used. This slack plus the 4 stab incisions and screw holes placed in the tibia are the likely reasons for increased pain and lameness when the operated limb is weight bearing immediately after surgery. Another possible explanation may be that protrusion of locking screws in the nail group impaled the cranial tibial muscle. In contrast, the Braid system and PMMA cement resulted in less lameness after surgery, perhaps because of decreased micromotion or lack of screw holes in the tibia. Interestingly, in vitro, the IM nail system was stronger than the Braid system, although both were of similar torsional stiffness. During mechanical testing, only the ultimate failure point and linear region of the torque angular rotation curve were measured to calculate the ultimate torque and slope (stiffness) of the constructs or intact bone. We did not quantify the length of the initial ''toe'' region before the linear region, which would have been an indicator of the micromotion present for each technique. In addition, the rotational angle at failure for the IM nail system was significantly greater than for the Braid system in vitro. There was no significant difference in energy at failure between groups. We theorized that the rotational slack present in the IM nail compared with the Braid system may have resulted in greater rotational angle at failure at time 0. For both techniques, there were no significant differences in stiffness and maximal torque at 12 weeks after surgery. The rotational angle and energy at failure for the Braid system were significantly greater than those for the IM nail system. The slack at the osteotomy sites were not detected at 12 weeks after surgery. These in vivo results revealed that the Braid system might have adequate strength and rotational stability to withstand normal loading and weight bearing after surgery.
Radiographically, tibial osteotomies repaired with the Braid system had similar bone healing scores to those repaired with IM nails for each time interval; however, the Braid system group had significantly better bone healing at each time interval after 4 weeks whereas this do not occur in the IM nail group until after 8 weeks. A spiral pattern of bone failure (spiral pattern outside or through the osteotomy) similar to the normal (contralateral) tibia occurred in 5 sheep treated with the Braid system and in only 3 IM nail sheep.
Histologically, the Braid system induced the same bone healing as the interlocking IM nail for tibial osteotomies in this sheep model. Removal of any PMMA in the osteotomy gap was felt to be critical to minimize any impact this material may have had on osteotomy union.
Several concerns regarding the Braid system need to be discussed. First and, the most critical, is the ability to remove the PMMA if refracture or infection occurs. We hypothesized that the removal of the expanded Braid system coupled with hardened PMMA in the metaphyses would require extensive work (i.e. periarticular bone removal) if a typical orthopedic procedure was used in revision. Lee et al 14 reported that Argon laser removal of PMMA bone cement can be achieved with minimal damage to the surrounding bone tissue. Recently, Goldberg et al 15 demonstrated that an ultrasound device plus intermittent cold irrigation removed the PMMA cement from the human cadaveric humerus safely and effectively. Because the current study was designed to evaluate the possibility of treatment with Braid system plus PMMA cement for tibial fractures, if this technique can provide the same outcomes as an interlocking IM nail, further studies need to be conducted to determine how readily the PMMA cement can be removed from the medullary canal after fixation with this system. Further investigations will also focus on the use of resorbable calcium phosphate cements instead of PMMA, which will not be permanent and therefore may not require removal. Our results would not necessarily be applicable to systems with different kinds of cements.
Thermal necrosis may occur during PMMA cement polymerization and hardening in the tibial canal. Lundskog 16 reported that a temperature of 501C induced cellular necrosis at an exposure time of 30 seconds in rabbit bone. Homsy et al 17 reported that a maximum temperature range at the bone-cement interface was 60-701C in a canine bone. DiPisa et al 18 reported a peak temperature of 70.41C at the bone-cement interface during surgical operation of total hip arthroplasty. However, in a pilot study that we performed to determine the temperatures at 1 and 3 cm distal to the osteotomy in 1 sheep (unreported data), the recorded mean temperature at the bonecement interface at these 2 positions was o401C. Bone viability evaluated by confocal laser microscopy 19 demonstrated that all bone cells at these 2 positions were viable 1 week after surgery. Studies to further evaluate the bone-cement interface temperature in sheep and human tibia are needed.
The Braid system we used was a prototype. A future study will be performed to determine the possibility of inserting the Braid system percutaneously in a closed manner and how to remove it. The current study was performed to verify the concept of the Braid system and whether it could be used to treat tibial fractures. Because tibial fractures in a clinical setting may be comminuted with fragments or wide gaps, the PMMA cement could easily leak from the fracture site and disturb callus formation, with results that may differ from the current study. Resorbable calcium phosphate cement, such as Norian skeletal repair system (Norian Corp., Cupertino, CA) and a-bone substitute material (ETEX, Cambridge, MA), should be investigated as an alternative to PMMA in future studies. The adverse effects of filling the entire medullary cavity with PMMA need to be evaluated because PMMA may influence the normal blood supply to bone and alter the normal Haversian blood supply that originates from the medullary cavity. PMMA is a very brittle material that tends to crack easily under torsion or bending stresses; however, the Braid system (Nitinol) plus PMMA together may have a potential effect to strengthen the rigidity when they are used for treatment of tibial fracture. Further studies need to be performed to investigate this. We preformed mechanical testing without removing the implants because the Braid system combined with PMMA was difficult to remove from the tibial canal. Therefore, our mechanical testing results should be interpreted as a complex of implant and bone healing together instead of bone healing alone.
Based on our results, use of the Braid system might decrease operative time, improve gait, and result in similar mechanical and histologic properties at 12 weeks compared with use of a conventional interlocking IM nail system middiaphyseal tibial fracture repair. Radiographic healing was similar for both repair techniques. This Braid system warrants further investigation to verify its feasibility and safety.
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